ABSTRACT
ABSTRACT Background: In early childhood, the ability to mount protective immune responses in the airways is impaired, with increased risk of allergic sensitisation to inhaled allergens. Antigen presenting cells (APC) and regulatory T cells (Treg) are important modifiers of T cell immunity but little is known about their distribution in bronchial mucosa at this age. Here the subset distribution of APC and the appearance of Foxp3 + Treg and bronchus associated lymphoid tissue (BALT) were examined immunohistochemically in children less than 2 years of age with chronic asthma-like symptoms of the lower airways. Methods: Immunophenotyping was performed in situ on bronchial biopsy specimens obtained from 45 infants, 4-23 months of age, under investigation for airway disease. Results: A well developed HLA-DR + network of APC was present in all samples, approximately 50% of the cells being CD68
+ macrophages and the remainder various subsets of dendritic cells. The density of HLA-DR + cells increased significantly with age but was not related to atopy, clinical symptoms or lung function. Comparing the density of APC subsets and clinical parameters, only the number of intraepithelial CD1a
+ dendritic cells was significantly increased in infants who had recently suffered a respiratory infection. BALT structures were identified in 22 children, with no relation to lung function, atopic status or human rhinovirus positivity. Plasmacytoid dendritic cells and Foxp3 + Treg were located primarily within these isolated lymphoid follicles. Conclusion: A bronchial network of dendritic cells and macrophages develops quite rapidly after birth, apparently independent of clinical symptoms or atopy. The high frequency of BALT structures containing putative tolerogenic dendritic cells and Treg suggests that these lymphoid follicles play an important role in bronchial immune homeostasis during infancy.
Several lines of evidence suggest that delayed postnatal maturation of T cell mediated immune functions increases the risk of allergic sensitisation and airway infections which are both important causes of childhood morbidity. 1 2 One characteristic of the fetal and infant T cell system is their polarisation towards Th2 cytokine dominated responses with low capacity for interferon c production. 3 4 This apparent deficiency in Th cell function is not necessarily an inherent cellular characteristic but can be ascribed to immaturity within subsets of antigen presenting cells (APC) that regulate T cell activity. Dendritic cells (DC), the primary professional APC, have a unique capacity to activate naïve T cells and polarise T cell differentiation. 5 It is believed that neonatal DC display reduced antigen presenting capacity and impaired ability to deliver Th1 polarising signals to naïve T cells, thus contributing to a deviation towards Th2 polarised immunity in infancy. 4 6 However, this information is mainly derived from studies of peripheral blood derived DC.
In both adult humans and rodents, airway APC constitute a dense network strategically located beneath and within the conducting airway epithelium. 7 8 In experimental animal models, mucosal airway DC efficiently capture and transport inhaled antigens to regional lymph nodes where they modify local T cell activity. 9 Information on infant airways is limited but studies performed on autopsy material have suggested that the number of mucosal APC is low at birth and increases only slowly during the first year of life. Low numbers and delayed maturation of airway DC have also been demonstrated in infant rats, most likely contributing to defective regional immunity. 10 Deficient T cell function in infancy therefore appears to be derived both from a low local number of APC and their functional immaturity.
In humans, two functionally distinct DC precursor subsets, myeloid (m) DC and plasmacytoid (p) DC, occur in peripheral blood. Although both subsets differentiate into efficient APC after maturation, activated mDC and pDC display intrinsic differences and drive distinct types of T cell responses. Recently it was shown that matured pDCs have a unique ability to generate interleukin 10 producing regulatory T cells (Treg), both from the memory 11 and naïve 12 T cell population; in the latter case, depending on selective expression of ICOS ligand on pDCs. The relative densities of blood pDC and mDC differ between infants and adults, with pDC being more frequent in cord blood and mDC dominating in adult peripheral blood. 13 Also, adult human airway mucosa contains mainly mDC, 7 8 but whether the situation is different in early life is currently unknown.
In addition to DC, Treg determine the immunological outcome by suppressing T cell effector function, with the potential of limiting inflammation and immunopathology.
14 Impaired function of Treg has been linked to various immune disorders, including autoimmunity, asthma and allergy. 15 16 Studies have shown that CD4 +
CD25
+ Foxp3 + Treg develop in early fetal life and exist in numbers equivalent to adults in cord blood. 17 However, whether these cells occur in the respiratory tract during infancy has not been determined.
Here, we characterised in situ the phenotypic distribution of resident APC as well as Foxp3
+ Treg in the bronchial mucosa of clinically well characterised children, between 4 and 23 months of age, with early symptoms of asthma-like airway disease.
MATERIAL AND METHODS Subjects
The patients (n = 61) included in the study have previously been described in detail. 18 For immunohistochemistry, 16 biopsy samples were excluded because of inadequate size or tissue quality, while 45 were found to be acceptable (table 1). All patients had been referred to the Skin and Allergy Hospital and the Hospital for Children and Adolescents, Helsinki University Central Hospital, for investigation of persistent respiratory symptoms, including dyspnoea, coughing and wheezing. They had been symptomatic for at least 4 weeks within the preceding 2 months. As part of the clinical workup, the patients underwent allergy testing, lung function tests by whole body plethysmography and rigid bronchoscopy. Atopy was defined by a positive skin prick test to food or aeroallergens and/or the presence of atopic dermatitis.
The patients were divided into three groups according to their specific airway conductance (sGaw): group A, decreased sGaw with bronchodilator reversibility; group B, decreased sGaw without bronchodilator reversibility; and group C, normal sGaw. Reversibility was defined as a 30% increase in sGaw in response to inhalation of the b 2 agonist salbutamol (see Saglani and colleagues 18 for details). Most patients underwent bronchoscopy within 3 weeks of plethysmography. None had been treated with steroids, either locally or systemically, for the last 6 weeks prior to bronchoscopy.
Bronchoscopy was clinically indicated whereas biopsy was performed for research purposes. Rigid bronchoscopy was performed in the hands of experienced operators, being as safe as flexible bronchoscopy, 19 and giving a better view that allowed harvesting of somewhat larger biopsies with adequate structural preservation.
Written informed consent from parents was obtained and the study was approved by the local ethics committee. There were no complications associated with the endoscopic procedures.
Biopsy material and immunostaining
Bronchial biopsy specimens obtained from the main carina were formalin fixed and paraffin embedded, and serial sections were cut at 4 mm. For optimal staining results heat induced epitope retrieval was performed by boiling the sections in a microwave oven for 20 min in citrate buffer (pH 6.0). Immunoenzyme staining on dewaxed tissue sections was performed in a Ventana NexEs IHC instrument (Tucson, Arizona, USA) with the standardised iView DAB or enhanced V-Red (alkaline phosphatase) detection kits, as recommended by the manufacturer. The primary monoclonal antibodies (mAbs) were directed against human HLA-DR (clone TAL.1B5, IgG1; DakoCytomation, Glostrup, Denmark), CD68 (clone PG-M1, IgG3; DakoCytomation), CD1a (clone MTB1, IgG1; Novocastra, UK), CD123 (a mixture of clone 7G3, IgG2a and clone 9F5, IgG1; BD Pharmingen, California, USA) and CD20 (clone L26, IgG2a; DakoCytomation). A polyclonal rabbit antihuman CD3 (dilution 1/50; DakoCytomation) was additionally applied. To identify Treg, we applied two different mAbs directed against Foxp3 in parallel staining experiments. Antihuman CD3 was combined with either rat mAb to Foxp3 (clone PCH101, IgG2a; Nordic Biosite, Sweden) or mouse antihuman Foxp3 mAb (clone 259D/C7, IgG1; BD Pharmingen), followed by Alexa Fluor 488 goat antirabbit IgG (Molecular Probes, Eugene, Oregon, USA) and Cy3 conjugated donkey antirat IgG (Jackson ImmunoResearch, Pennsylvania, USA) or Cy3 conjugated goat antimouse IgG (Jackson Immunoresearch). Appropriate isotype and concentration matched control reagents ensured immunostaining specificity.
Stained tissue sections were examined blindly by the same investigator (IH) at 6400 magnification. The cell density in the epithelium was recorded as the total number of positive cell profiles per basement membrane length unit (1 mm), whereas the cell number in lamina propria was recorded as positive cell profiles/mm 2 . The total number of positive mucosal cells was recorded per basement membrane length unit by adding the intraepithelial counts and the lamina propria counts to a depth of the grid. On average, 18 visual fields were counted in each specimen (range 4-72). The mucosal areas containing lymphoid aggregates (see results section) were omitted from the cell enumeration.
Human rhinovirus diagnostics
PCR on bronchial specimens was performed on 40 of these 45 patients described here. The procedure is described in detail elsewhere. 20 
Statistics
Non-parametric tests were applied for statistical analysis. For analysis of between group differences, the Kruskal-Wallis (three groups) and Mann-Whitney (two groups) tests were applied. For correlations, the Spearman's rank order coefficient was used. SPSS 12.0.1 for windows (Chicago, Illinois, USA) and GraphPad Prism 4 (San Diego, California, USA) were used for the statistical analyses.
RESULTS

Antigen presenting cells
A network of putative APC, identified as cells expressing the pan-APC marker HLA-DR, was detected both within the surface epithelium and in the subepithelial part of the lamina propria in all specimens examined (n = 45). The HLA-DR + cells displayed variable morphology, from rounded small cells to larger cells with long dendrites (fig 1A) . Interestingly, in many of the samples we observed that intraepithelial HLA-DR + cells extended projections between epithelial cells reaching into the airway lumen ( fig 1A, arrows) . These ''snorkelling'' APC constituted less than 5% of all intraepithelial APC, but a more accurate estimation of the density was difficult to obtain as the surface epithelium was variably preserved. The mucosal APC were evenly distributed but in almost half of the specimens isolated subepithelial aggregates of HLA-DR + cells intermingled with B and T cells were observed, as described in more detail below (fig 1B, 1C) .
When comparing the three patient groups, no significant differences in the numbers of APC were detected within the surface epithelium (fig 2A) or in the lamina propria ( fig 2B) . This was also the case for the total number of mucosal APC (group A: median 82/mm basement membrane, interquartile range (IQR) 57 to 114; group B: median 96 (IQR 63 to 138); and group C: median 136 (IQR 69 to 142)).
When the patients were considered together, the atopic and non-atopic subjects appeared to be similar with regard to total numbers of APC (fig 3A, B) . Also, within each separate patient group, there was no significant difference in total mucosal number of HLA-DR + cells between those deemed to be atopic or non-atopic (data not shown). The total number of HLA-DR + cells increased significantly with age (r = 0.41, p = 0.005; fig 4) , although being quite variable, with some of the highest counts found in the youngest patients. 
We and others have previously shown that most HLA-DR + cells in human airway mucosa are either macrophages or different subtypes of DC. 7 21 To further phenotype the mucosal APC population, we applied mAbs to various DC and macrophage markers. Macrophages, identified by the restricted isoform of CD68, constituted approximately 50% of the mucosal APC, both within the surface epithelium and in the lamina propria (fig 2) . CD1a, a marker that identifies a subset of airway DC, was almost exclusively expressed by cells in the epithelial compartment (fig 2) . The pDC marker CD123 was expressed on many cells within subepithelial cellular aggregates ( fig 1D; see below) , but only very few CD123 + cells were found in the lamina propria outside these isolated lymphoid follicles. CD123 is not an unequivocal marker for pDC, as it is also expressed on basophils. However, in this material, CD123
+ cells clearly showed a distinct plasmacytoid morphology suggesting that they indeed were pDC ( fig 1D) .
The frequency and distribution of CD68 + macrophages, CD1a + DC and pDC were quite similar to what we have observed previously in the nasal mucosa of healthy adults. 7 In the upper airway mucosa of adults, we found that most DC expressed CD1c, a marker present on most myeloid CD11c + DC precursors in peripheral blood. 7 Unfortunately, we were unable to achieve satisfactory staining with mAbs to CD1c on formalin fixed tissue sections even after various demasking procedures, so we could not confirm that this marker was also expressed on APC in the present study.
Human rhinovirus (HRV) was detected in 47.5% of the patients tested; primarily those with abnormal lung function (table 1 and Lindahl and colleagues   19 ). The numbers of CD68 + macrophages were higher in individuals who were HRV positive compared with those who were HRV negative, although this difference did not reach statistical significance (median 16 cells/mm basement membrane (IQR 11 to 29) vs median 10 (6.1 to 17.6) for epithelium (p = 0.056); and median 148 cells/mm 2 (IQR 95 to 217) vs median 95 (36 to 159), for lamina propria (p = 0.076)). There was no association between the total number of APC and the occurrence of HRV. CD1a + DC have previously been found to be significantly increased in the bronchial mucosa of adults with asthma, 22 but Figure 2 Numbers of cells expressing HLA-DR, CD68 or CD1a in the epithelium (A) and lamina propria (B) of bronchial mucosa from patients having impaired lung function with bronchodilator reversibility (group A), impaired lung function without bronchodilator reversibility (group B) or normal lung function (group C). Horizontal bars represent medians. There were no significant differences in cell numbers with any of the markers between the groups (Kruskal-Wallis test). we did not find any difference in the distribution of this phenotype among the three clinical groups nor any association with atopy (fig 2, 3B) . Nevertheless, when all the patients were considered together, the frequency of CD1a + DC in the epithelial compartment was significantly higher in those reported to have suffered from a respiratory tract infection in the preceding 6 weeks (median 1.6 (IQR 0.4 to 7.7) vs 0.3 (0.00 to 3.4); p = 0.024) (fig 5) , but we found no relation between the number of CD1a + DCs and HRV positivity (not shown). We found no significant associations between any of the cellular phenotypes studied and the levels of serum IgE, eosinophils or serum eosinophil cationic protein (data not shown).
Bronchus associated lymphoid tissue
Distinct subepithelial aggregates of HLA-DR + cells were found in samples from 22 (49%) of the 45 patients (fig 1B-D) . Further immunostaining experiments showed that these cell clusters contained, in addition to APC, CD20 + B cells surrounded by CD3 + T cells (fig 1C) , thereby defining a typical organised BALT structure in the form of an isolated lymphoid follicle (ILF). We observed, however, no sign of germinal centre reactions.
Most of the marker positive cells of ILF were located in the lamina propria, but many B and T cells occurred within the overlying epithelium as well. Virtually no B cells were found in the lamina propria outside of the ILF. As noted earlier, most pDC were situated in the peripheral T cell containing zones of ILF ( fig 1D) . Localisation and cellular organisation of these aggregates as typical ILF clearly demonstrated that they represented BALT.
There was no difference in the frequency of ILF among the three patient categories (group A, 7/14; group B, 9/18; and group C, 6/13) and no relation to atopy status (atopic 10/19; non-atopic 12/26), age, HRV positivity or history of respiratory infections (not shown).
Foxp3
+ regulatory T cells
Because Foxp3 is the best current marker to identify Treg, costaining for CD3 and Foxp3 was performed to identify this phenotype in situ. As there has been some recent controversy concerning the specificity of different anti-Foxp3 antibodies, 23 24 we performed parallel staining experiments with two different mAbs directed against Foxp3 (clone PCH101 and 259D/C7). Both mAbs gave similar staining results. All examined ILF contained CD3 + Foxp3 + cells ( fig 1E) but their distribution was highly compartmentalised and CD3 + Foxp3 + cells appeared only occasionally in lamina propria outside these lymphoid structures ( fig 1F) . There was no association between the occurrence of CD3+Foxp3 + cells and age, lung function, atopy, history of respiratory infections or any of the other clinical parameters (not shown).
DISCUSSION
This study showed that a network of strongly HLA-DR + cells can be established in human bronchial mucosa shortly after birth. Tschernig and colleagues 25 previously observed in autopsy material from infants who had died from trauma or sudden infant death syndrome (SIDS) that HLA-DR + cells were not regularly found in human tracheal mucosa within the first year of life. This finding suggested that the influx of APC into the airway mucosa is a very slow process during infancy. However, more recently the same group reported from SIDS cases that the tracheal mucosa contained a relatively high number of HLA-DR + cells, similar to that found here (200-300 cells/mm 2 of lamina propria). 26 The striking difference between their two studies might be explained by the fact that the first one was performed on formalin fixed and paraffin embedded tissue whereas the latter was performed on frozen sections. Formalin cross links proteins, thereby masking antigenic sites in tissue specimens. By contrast to our approach, Tschernig and colleagues 25 did not perform epitope retrieval of formalin fixed tissue. Such pretreatment is necessary to break cross links between proteins to unmask hidden epitopes. This procedure often has a dramatic effect on the immunohistochemical staining intensity, which most likely explained why we found relatively high numbers of HLA-DR+ cells.
For obvious ethical reasons we were unable to obtain biopsy specimens from healthy control children. However, the latter study by Tschernig and colleagues 26 suggested that the density of APC found by us could in fact reflect the normal situation within this age group. Although respiratory infections have been suggested to contribute to the pathogenesis of SIDS, many studies have failed to document overt signs of mucosal inflammation in the victims. 27 28 Also, both our study and that of Tschernig and colleagues demonstrate that the density and distribution of resident APC in the conducting airways of infants were similar to that observed in the nasal mucosa of healthy adults. 7 In both the upper and lower airway mucosa there was a dominance of macrophages. We detected very few pDC, except in BALT structures, so the DC population consisted mainly of the myeloid subtype.
The biopsy specimens used in our study were all obtained from the carina. This anatomical region represents part of the central airways and animal studies have shown that accumulation of immune cells in this area correlates with disease manifestations in experimental models of respiratory allergy and infections. We therefore believe that our material is representative of the airway mucosa; but it cannot be ruled out that cellular infiltrates further down the bronchial tree might differ from those near the carina, which could have affected the observed clinical phenotype.
Together, the findings discussed above suggest that the distribution and relative proportions of different APC subsets are established quite early in life. The results furthermore imply that any defect in respiratory immunity in early childhood might not be due to limited migratory capacity of circulating APC subtypes, but could rather be ascribed to impaired ability of resident airway APC to deliver adequate stimulatory signals to T cells.
A finding that merits specific comment is the relatively high frequency of organised BALT structures identified as ILF in bronchial mucosa at this early age. The ILF were defined as aggregated HLA-DR + APC together with distinct B and T cell areas. After childhood, the frequency of BALT structures reportedly decreases with age, and controversy exists concerning whether they represent a constitutive part of normal adult airways. [29] [30] [31] Tschernig and Pabst 32 did not find ILF in normal autopsy lungs of adults and only in 40% of healthy adolescents and children. The frequency was similar in SIDS victims and victims of traumatic death. 33 We found bronchial ILF in ,50% of the biopsy specimens. Taking into account the small size of these samples, we believe that our result is an underestimate and that such BALT structures may represent a general feature in the lower airways at this early age. The function of BALT is not well understood. Recent data from mouse experiments have demonstrated that such structures can be induced and generate strong primary B and T cell responses to inhaled influenza virus. 34 There is also evidence to suggest that human BALT is inducible. 35 We found that the bronchial ILF contained Foxp3 + T cells, presumably Treg, and some pDC in the surrounding T cell zones. This is consistent with the notion that pDC primarily traffic organised lymphoid tissue. 36 Interestingly, experiments in mice recently suggested that pulmonary pDC are crucial for maintenance of airway tolerance to inhaled allergens, 37 probably through their generation of Treg. In vitro studies have likewise shown that pDC can induce T cells with suppressive functions, further emphasising a tolerogenic potential for these cells. 12 38 The finding that both Foxp3 + Treg and pDC are present in bronchial ILF implies that these BALT structures may be instrumental in maintaining mucosal homeostasis. 39 We noted that a fraction of intraepithelial HLA-DR + cells extended projections between epithelial cells into the airway lumen. We have recently reported similar findings in the tracheal mucosa of rats, 40 and an important role for transepithelial DC in handling luminal antigens has been demonstrated in the gut of mice. 41 42 This is the first study to demonstrate the existence of such ''snorkelling'' DC in the airway mucosa of humans. The functional implications of this finding remains to be determined, but it is tempting to speculate that these DC continuously sample luminal antigens, which would enable them to rapidly alarm the regional adaptive immune system by capturing pathogens prior to invasion. Conversely, in the absence of danger signals, these migrating and antigen carrying DC may deliver tolerogenic signals to cognate T cells in the draining lymph nodes. 43 Such functional possibilities (in addition to the presence of BALT structures) might explain how immune surveillance and tolerance induction could operate in human bronchial mucosa.
All of the patients studied here had clinical persistent airway symptoms and were divided into three groups based on lung function measurements assessed by plethysmography. We detected no difference in bronchial densities of APC subsets in relation to clinical classification, which suggested that factors other than the mucosal density of these cells in the mucosa are responsible for the differences in clinical phenotype. Infants with wheezing and impaired lung function represent a heterogeneous group and the diagnosis of bronchial asthma can only be made at a later stage. 44 Notably, in our patients, neither reticular basement membrane thickening nor signs of eosinophil airway inflammation were observed, 18 which emphasises the fact that these young children have not yet developed the classical morphological and immunopathological features of bronchial asthma. Thus the possible significance of our in situ immunophenotyping in relation to persistent airway disease will only become evident on follow-up of the same patients. 
